This study examined the delaying effect of fatigue crack growth induced by high-density electric current on A6061-T6 aluminum alloy. To investigate the effect, fatigue tests were conducted using specimens with and without electric current treatment. The fatigue life of the treated specimens increased signi cantly compared with untreated specimens. After the tests, the fracture surfaces were examined using scanning electron microscope. In the specimens in which electric current was applied, local melting on the crack surface was observed via fractography. To clarify the effects of electric current treatment on fatigue crack propagation, early crack growth was investigated using the plastic replication method. A delaying effect was particularly noticeable in the small-crack region. Results show that this delaying effect can be attributed to crack shielding caused by local melting on the crack surface, which signi es that the fatigue life is improved by the application of high-density electric current.
Introduction
Fatigue is an extremely important phenomenon in metal structures. Since most mechanical components experience cyclic load, almost all fractures in mechanical components are attributed to fatigue. 1) Therefore, countermeasures are required against fatigue fracture in structures. In addition, improving the long-term durability and reliability of mechanical components would lead to conservation of resources and energy, which may help preserve the global environment. Several techniques such as carburizing, nitriding, and shot peening have been used for improving fatigue strength. However, although crack initiation may be suppressed via surface treatments based on these methods, [2] [3] [4] [5] they are ineffective for materials with pre-existing cracks. Therefore, a method that can heal the damage in materials is necessary to improve the reliability and durability of mechanical components.
Several researchers have recently examined healing techniques for damaged materials. Chen et al. 6) reported a crack healing method using a thermoplastic polymer material. White et al. 7) developed a microencapsulation method for polymer materials. For ceramics, a technique to heal surface cracks by oxidation was also investigated. 8) It is known that electric current in uences the mechanical properties of metals. Okazaki et al., 9) Sprecher et al., 10) Conrad et al., 11, 12) and Cao 13) conducted detailed investigations of the effects of high-density current pulsing to titanium and copper alloys. Their research indicated that high-density current pulsing enhanced the movement of dislocations. Consequently, mechanical properties were improved via plastic recovery and the promotion of recrystallization based on the activated dislocation motion. Karpenko et al. 14) demonstrated that the low-cycle fatigue life of carbon steel was increased by electric current pulsing. Zhou et al. 15, 16) reported that pre-cracks in carbon steel were partially healed by high-density electric pulsing. They concluded that the crack healing resulted from transient thermal compressive stress during electric pulsing. Hosoi et al. 17) and Tang et al. 18) reported that controlled electric current pulsing delayed crack propagation. Moreover, Roh et al. 19) reported that electric current pulsing increased aluminum alloy elongation. Salandro et al. 20) also showed that current pulsing increased aluminum alloy formability. Zhang et al. 21) investigated the nanostructured transformation caused by high-density electropulsing. However, although results demonstrated that electric current pulsing improves the material properties of aluminum alloys, the effects of pulsed electric current on the fatigue life of aluminum alloys have not been thoroughly investigated.
Aluminum alloys are widely used in automotive, chemical, and oil industries. The main applications of aluminum alloys are related to their high speci c strength ratio, which makes them suitable as the structural and mechanical components of machines. 22, 23) This study clari ed the effects of pulsed electric current on the fatigue damage to the A6061-T6 aluminum alloy. This study was conducted to elucidate healing of fatigue damage in an aluminum alloy by application of highdensity electric current. The healing effect on the damage was evaluated using the relationship between the stress amplitude and the number of cycles to failure. The fatigue crack growth behavior in the small-crack region was investigated specically. Also, the fracture surface was observed using scanning electron microscope (SEM).
Experimental Methods

Material and specimen con guration
An aluminum alloy, A6061-T6, was used as the experimental material. Its chemical composition is summarized in Table 1. The 0.2% proof stress, tensile strength and elongation *1 Graduate Student, Nagoya University *2 Corresponding author, E-mail: ju@mech.nagoya-u.ac.jp were, respectively, 292 MPa, 325 MPa and 17%. A dumbbellshaped pate specimen was used, and a shallow notch (R = 45 mm) was introduced at its center, as shown in Fig. 1 . The cross-sectional dimensions at the center of the specimen were 4.5 mm × 8 mm. The surface of the specimen was polished using #180 to #2000 emery paper and was buff-nished using alumina powder with 0.05 µm particle diameter.
Fatigue tests and the application of electric current
Fatigue tests were conducted under a controlled load condition using an electro-hydraulic fatigue testing machine at room temperature. The test conditions are shown in Table 2 . All of tests were carried out at a stress ratio of R = −1 and a frequency of f = 15 Hz.
High-density electric currents were applied at a cycle ratio of 70% (Specimen B) and then at 10% cycle ratios after the 70% (Specimen C) until failure. Electric current with a density of 90 A·mm −2 and pulse duration of 0.5 ms was applied to the specimens using a transistor power source. The current density was chosen with the expectation of inducing signicant effects of pulsed electric current on the aluminum alloy.
20)
Crack growth test and fracture surface observation
Fatigue crack growth tests were conducted to evaluate the effects of high-density electric current on crack growth. The tests were conducted under an applied load of 160 MPa using the plastic replication method. After the tests, crack initiation sites were observed on the fracture surface of all specimens using an SEM.
Experimental Results
Fatigue test
The S-N diagram obtained from the fatigue tests is shown in Fig. 2 . The fatigue life data of each specimen treated with electric current pulsing are plotted at four stress levels. Figure 2 shows the fatigue life increases with application of the electric pulsing current. Furthermore, the fatigue life of Specimen C is longer than that of Specimen B, which suggests that multiple applications of electric pulsing current are more effective. Figure 3 shows the relationship between the increased cycle ratio and stress amplitude, where the increased cycle ratio is de ned as:
where, N f is number of cycles to failure. The effect of electric pulsing current tends to decrease concomitantly with increasing stress amplitude, i.e., the application of electric pulsing current is more effective at lower stress levels. In addition, the decline in the increased cycle ratio in Specimen C is more signi cant than in Specimen B. However, the periodic application of electric pulsing current in Specimen C is more effective at increasing the fatigue life.
Fractography
The fracture surfaces after fatigue tests were examined in detail via an SEM. Figures 4 and 5 show the scanning electron micrographs of the fracture surfaces obtained at stress levels of 180 and 120 MPa, respectively. Both gures show the enlarged crack initiation sites of Specimens A, B, and C.
In Specimen A (Fig. 4(a) ), the fatigue crack was initiated at the specimen surface because of a cyclic slip deformation. Conversely, in the current-applied specimens B and C (Figs. 4(b) and 4(c) ), local melting sites occurred because of the electrical stimulation. Figure 5 shows the scanning electron micrographs at a stress level of 120 MPa. As shown for 120 MPa stress level, local melting was found in Specimens B and C. Especially, in Specimen C, at both stress levels (Figs. 4(c) and 5(c) ), the characteristic feature of local melting induced by the application of electric current was con- rmed.
Fatigue crack growth
As described in Section 2.3, fatigue crack growth was monitored using the plastic replication method. The stress amplitude for the crack growth test was determined as the stress value corresponding to a fatigue life of about 1 × 10 5 cycles, i.e., 160 MPa. Figure 6 shows the relationships between the surface crack length (2C) and the number of cycles (N). The arrows indicate the number of cycles in which electric pulsing current was applied. In Specimen A, the crack grew rapidly after crack initiation, and then the specimen fractured. This means that the crack growth life was relatively short. Conversely, in the current-applied specimens, (B and C), fatigue crack growth was delayed immediately after the application of current, but it returned from the delayed state to the former one after 2 × 10 5 or 3 × 10 5 cycles. Such behavior was particularly evident in Specimen C, i.e., the healing effect was induced after every application of current. Figure 7 shows the number of cycles of the delayed period at different points of application of electric pulsing current. The number of cycles of the delayed period decreased concomitantly with increasing number of cycles at the point of current application. This delaying effect decreased signi cantly when the surface crack length reached 2C = 0.045 mm. Consequently, the delaying effect decreased concomitantly with the increase of crack length.
To evaluate the delaying effect on the crack growth rate, the relationship between crack growth rate (da/dN) and maximum stress intensity factor (K max ) was taken into account, as shown in Fig. 8 . The stress intensity factor was calculated using an analytical solution developed by Newman and Raju, 24, 25) assuming an aspect ratio of a/C = 1 (a: crack depth, 2C: crack length). When the crack growth rates of Specimens B and C were compared with that of Specimen A in the small K max region, the rates of Specimens B and C were lower than that of Specimen A, which indicates a delaying effect because of the application of current. Moreover, the crack growth rate of Specimen C is also lower than that of Specimen B in the small K max region, because of the multiple applications of electric current. However, the fatigue crack growth rates for the three specimens converged to similar values with an increase in K max , i.e., an increase in crack length.
Discussion
Effect of electric stimulation on fatigue strength
The fatigue strengths of the specimens treated with electric current increased more than those of the untreated specimens. The maximum increased cycle ratios of Specimens B and C were, respectively 21% and 55%, this difference resulted from the number of times electric current was applied. As shown in the test conditions (Table 2) , Specimen B was treated only once with electric current at a cycle ratio of 70% of fatigue life, whereas Specimen C was treated eight times after a cycle ratio of 70% of fatigue life. According to these results, the increased cycle ratio of fatigue strength is possibly related to the number of times electric current is applied. However, the number of electric current applications is not proportional to the increased fatigue life cycle ratio. Compared with Specimens B and C, the fatigue life of Specimen C does not increase eight times despite the application of electric current eight times. Figures 6 and 8 show that the delay period in crack growth is signi cantly in uenced in the small-size region by the applied electric current. Figures 9(a) and 9(b) respectively show low-magni cation images of Figs. 5(a) and 5(c). The scanning electron micrograph of a treated specimen (Fig. 9(b) ) reveals that noticeable local melting occured near the surface, i.e., in the small-crack region. Subsequently, with increasing crack growth, the fracture surfaces become similar to those of the specimen without the application of electric current ( Fig. 9(a) ). These observations correspond to the results of the crack growth test (Figs. 6 and 8 ). Figure 6 shows that the fatigue crack growth was delayed by the application of electric current. It is believed that the local melting caused by the electric current applied on the crack surface in uences the fatigue crack growth. In particular, scanning electron micrographs of Specimen C (Figs. 4(c) and 5(c)) show evidence of this phenomenon. When an electric current is applied to the specimen, an electric eld is formed around the crack. The crack area is heated rapidly by Joule heating. Then, crack shielding 26) takes place because of local melting, i.e., crack closure occurs. Figure 10 shows a scanning electron micrograph of the surface of Specimen C during the fatigue test at σ a = 160 MPa, indicating that the surface of the specimen at a part of crack initiation site was melted by the applied current. The white dotted line indicates the area most affected by the applied current. The length of the white dotted line on the surface, shown in Fig. 10 , is 30 μm. Results show that the electric current had a signi cant effect on the small-crack region. However, the delaying effect on crack growth decreased concomitantly with increasing crack length because the maximum stress intensity factor (K max ) increased with increasing crack length. Figure 11 shows the relationship between the fatigue crack length and decreased ratio of crack growth rate (DRCGR) upon the application of electric current, where DRCGR is de ned as: Fig. 11 Relationship between the decreased ratio of the crack growth rate and fatigue crack length upon the application of electric current. 
Effect of electrical stimulation on fatigue crack growth
DRCGR (%)
When electric current was applied, the crack growth rate (da/dN) decreased signi cantly. The maximum DRCGR was 94%. Results show that the applied electric current can enhance crack shielding. However, when the crack length increased, the delaying effect of the applied electric current on crack growth became smaller. Therefore, the delaying effect of the applied electric current was found to be useful for prolonging the fatigue life of small-crack components.
Conclusion
In this study, the effect of applied electric current on the fatigue properties of an aluminum alloy, A6061-T6, were examined. Pulsed electric current was applied to the specimens, i.e., one group of specimens was treated only once at a cycle ratio of 70% and the other specimens were treated at 10% cycle ratios after 70%. The obtained results are summarized as presented below: (1) The fatigue lives of the specimens with applied electric current increased more than those with the untreated one.
The maximum increased fatigue life cycle ratios for specimens treated once and multiple times were, respectively, 21% and 55%. (2) For specimens that were treated multiple times, signicant local melting induced by electrical stimulation was observed on the fracture surfaces near the crack initiation sites. (3) Fatigue crack growth was delayed after the application of pulsed electric current. This delaying effect diminished with increasing crack length. It is considered that this behavior is induced because of the electric current being poorly concentrated in large crack surfaces and that the maximum stress intensity factor (K max ) increases with increasing crack length.
